Three important antigenic sites involved in virus neutralization on polioviruses in mouse experiments have been identified. These sites are located at the surface of the virion and have been designated antigenic sites 1, 2, and 3. In mice, the antibody response to antigenic site 1 of serotype 3 poliovirus is considered to be immunodominant, but little is known about the immunogenicity of these sites in humans. In the present study, we developed inhibition enzyme-linked immunosorbent assays specific for antigenic sites 1 and 3 to measure antibody responses to these sites in fully vaccinated inactivated poliovirus vaccine (IPV) (n ‫؍‬ 63) and oral live attenuated poliovirus vaccine (OPV) (n ‫؍‬ 63) recipients and in naturally infected persons (n ‫؍‬ 25). Similar levels of antibodies to site 1 in IPV and OPV vaccinees were detected. However, significantly more OPV recipients (88.7%) had detectable antibodies to antigenic site 3 (P < 0.01) than did IPV-vaccinated persons (63.1%). After an IPV booster vaccination, both previously IPV-and OPV-vaccinated persons responded with a significant increase in antibodies to sites 1 and 3 (P < 0.01). We conclude that the immune response to serotype 3 poliovirus in humans consists of both site 1-and site 3-specific antibodies and that these responses can be induced by either OPV or recent IPV vaccination.
The poliovirus capsid consists of 60 copies of each of the four structural virion proteins (VP1, VP2, VP3, and VP4) (10) . The epitopes responsible for inducing poliovirus-neutralizing antibodies are located on surface-exposed loops in structural proteins VP1, VP2, and VP3 (4). VP4 is located completely inside the viral capsid, and it plays no known role in the induction of poliovirus-neutralizing antibodies. VP1 is the most-exposed surface protein and plays a major role in the induction of neutralizing antibodies for all three poliovirus serotypes (28) .
Three important antigenic sites (epitopes) involved in virus neutralization on polioviruses, designated sites 1, 2, and 3, have been identified (10, 16) . They have been identified by the isolation and characterization of Sabin mutant strains resistant to neutralization by poliovirus-specific antibodies and by epitope mapping with neutralizing monoclonal antibodies (16) . Antigenic site 1, composed of amino acids 89 to 100 of VP1, is a major immunogenic site for serotype 2 and 3 polioviruses, as determined by neutralizing monoclonal antibodies induced in mice (16) . This site is usually immunorecessive in serotype 1 poliovirus (22) . Antigenic site 2 is a complex site including residues 220 to 222 of VP1 (site 2a) as well as residues 169 and 170 on VP2 (site 2b) (16) . Sites 2a and 2b have both been detected in serotype 1 poliovirus, while only site 2b has been detected in serotype 3 poliovirus. Site 3 is also a complex site and includes residues 286 to 290 from VP1 (site 3a) as well as residues 58 and 59 and others on VP3 (site 3b). Sites 3a and 3b have both been detected in serotype 3 poliovirus, while as yet only neutralizing monoclonal antibodies to site 3b have been detected in serotype 1 poliovirus, suggesting that site 3a is not immunogenic in serotype 1 poliovirus (22) . The location of the amino residues within the three-dimensional structure of the virion indicates that the majority of these amino acid residues are highly exposed and located within prominent structural features of the viral surface (21) . A deep canyon or pit on the surface of the poliovirus has been identified as the receptor binding site (6) . The neutralizing epitopes themselves are not involved in receptor binding, but binding of antibodies to these spots probably causes steric hindrance, with the actual receptor binding site located within the canyon (6) . Whether all these sites are also antigenic for humans is not clear.
It has been reported that trypsin present in the gut lumen can cleave both serotype 1 and serotype 3 polioviruses at antigenic site 1 at residue 98 (arginine) (5, 12, 20, 25) . While the poliovirus retains its infectivity in both cases, its antigenic properties are drastically altered, and the trypsin-cleaved viruses are not neutralized or immunoprecipitated by monoclonal antibodies to site 1 of nontreated virions (12) . Trypsin cleavage of site 1 will occur in oral live attenuated poliovirus vaccine (OPV) recipients but will not occur in inactivated poliovirus vaccine (IPV) recipients, where the vaccine is given by intramuscular injection (23, 25) . Therefore, if antigenic site 1 of poliovirus serotype 3 is also immunodominant in humans, in theory vaccination with IPV might also predominantly induce neutralizing antibodies to site 1, leaving a possible gap in the immune response to trypsin-cleaved serotype 3 poliovirus (10, 16) .
In this study, we compared the site-specific humoral immune responses of naturally infected and IPV-or OPV-vaccinated persons to poliovirus serotype 3. The effect of an IPV booster vaccination on the site-specific antibody titers was also examined.
MATERIALS AND METHODS
Serum samples. Negative control serum samples were used to test the specificity of antigenic site 1-and site 3-specific assays. These samples were obtained from nonvaccinated children (n ϭ 20) from a religious group in The Netherlands that refuses vaccination. The sera had been prescreened by a neutralization test for the absence of neutralizing antibodies to poliovirus (log 2 titer, Ͻ2) (7).
Serum samples from poliomyelitis patients (n ϭ 25) from the 1992-1993 serotype 3 epidemic in The Netherlands were tested to determine antigenic site 1-and site 3-specific responses after natural infection (19) . The serum samples of the poliomyelitis patients were all collected within 2.5 months after the onset of paralysis.
The seroprevalence of antigenic site 1-and site 3-specific antibodies after vaccination was determined for sera from IPV-vaccinated healthy blood donors (n ϭ 63) and from age-matched OPV-vaccinated blood donors from Belgium (n ϭ 63) who had received a complete series of vaccinations as children (7) .
A separate group of IPV-vaccinated (n ϭ 11) and OPV-vaccinated (n ϭ 10) volunteers were given an IPV booster vaccination to determine the influence of IPV on the induction of antigenic site 1-and site 3-specific responses for the different vaccine backgrounds directly after booster vaccination. Blood samples were collected before booster vaccination and at 3, 7, and 28 days postvaccination. Full details of this study have been described elsewhere (9) .
Monoclonal antibodies. A panel of serotype 1-, 2-, and 3-specific monoclonal antibodies with specificity for antigenic site 1, 2, or 3 was used to test the newly developed assays for specificity. The serotype 1-specific (14D2E9), serotype 2-specific (5-15C6, 4-20D10, and 1-10C9E6), and serotype 3-specific (2-13D9 [site 1], 2-15E4 [site 1], and 4E5E9 [sites 2 and 3]) monoclonal antibodies had been produced at the National Institute of Public Health and the Environment (RIVM) (Bilthoven, The Netherlands) (13, 20) . The serotype 3-specific monoclonal antibodies 204 (site 1), 877 (site 2), and 889 (site 3) were kindly donated by M. Ferguson (NIBSC, London, United Kingdom) (15, 16, 22) . All monoclonal antibodies used were both Sabin-and wild-type-specific except for monoclonal antibodies 889 and 4E5E9, which reacted only with the Sabin strains.
Virus preparation. Sabin mutant virus strains 335 (site 1) and 4021 (site 3) (kindly provided by M. Ferguson) were grown on HEp-2 cells in modified Eagle's medium supplemented with 10% fetal calf serum, until a full cytopathic effect developed (14) . The culture supernatant was collected and centrifuged for 30 min at 2,000 ϫ g to remove cell debris. The supernatant was extracted with 10% (vol/vol) arklone at 4°C for 45 min during constant shaking, followed by centrifugation (30 min at 2,000 ϫ g). The supernatant was concentrated by direct ultrafiltration with membranes with a molecular weight cutoff of 10 kDa (type PM10; Amicon) (24) . The optimal working dilution of the concentrated virus in the site-specific assay was determined by checkerboard titration.
Antigenic site 1-specific PoBI assay. The site-specific poliovirus-binding inhibition (PoBI) assays were a modification of the previously described PoBI assay (7), except that monoclonal antibodies to specific sites were used as capture antibodies in the enzyme-linked immunosorbent assay (ELISA). The inhibition of the ELISA signal depends on both reduction of virus antigen binding to the capture antibody, due to the presence of competing (blocking) antibodies, and reduction of binding to the indicator monoclonal antibody by the same mechanism. Briefly, twofold dilutions of serum samples were made directly into the wells of microtiter cell culture plates (Greiner, Alphen aan de Rijn, The Netherlands) and poliovirus antigen was added to each well. The antigenic site 3 Sabin mutant strain 4021 (kindly provided by M. Ferguson) was used as antigen to prevent cross-reactivity with this antigenic site (15) . Serum-virus mixtures were incubated for 2 h at 37°C. After the plates were washed, the preincubated serum-virus mixture was transferred to ELISA plates that had been coated overnight with antigenic site 1-specific monoclonal antibody 2-13D9 (immunoglobulin G [IgG] isotype) in a 1/8,000 dilution (13) . After the incubation, the homologous monoclonal antibody (2-13D9), labelled with horseradish peroxidase, was used to detect bound poliovirus (18) . Tetramethylbenzidine was used as a substrate, and color development was stopped after 15 min by the addition of 2 M H 2 SO 4 . The plates were read at 450 nm. Serum samples were considered positive if a reduction in extinction of Ն50% was reached. The reciprocal of the first serum dilution that was positive in the inhibition test was designated the titer of the test sample. For specificity testing, serum was replaced by serial dilutions of monoclonal antibodies to sites 1, 2, and 3. Optimal dilutions of reagents were determined by checkerboard titration.
Antigenic site 3-specific PoBI assay. The antigenic site 3-specific assay was conducted in a similar manner to the site 1 assay described above, with site 3-specific IgM monoclonal antibody 889 as a capture antibody in the PoBI assay. These IgM molecules were first degraded into F(abЈ)2 fragments by pepsin according to the manufacturer's instructions (Pierce, Rockford, Ill.), since IgM antibodies cannot coat efficiently (2) . Sabin mutant strain 335 (kindly provided by M. Ferguson) was the antigen used to reduce cross-reactivity within antigenic site 1 (15) . Biotin-labelled antigenic site 3-specific monoclonal antibody 889 was used to detect bound antigen. Avidin conjugated with alkaline phosphatase (Sigma, Zwijndrecht, The Netherlands) was added and incubated for 1 h at 37°C. The plates were washed, and 100 l of p-nitrophenylphosphate at a concentration of 1 mg/ml in 0.1 M glycine buffer was added to each well. The plates were read at 405 nm after incubation at room temperature for 30 min. Results were analyzed as described for the site 1-specific assay.
Statistical methods.
An unpaired Student's t test was used to evaluate the differences in the titers of site-specific antibodies to poliovirus between the two groups. A chi-square test analysis was performed to determine the significance of the difference in seroprevalence between the two groups. P values of Ͻ0.01 were considered significant.
RESULTS
Specificity of the antigenic site 1-and site 3-specific PoBI serotype 3 assays. None of the negative control serum samples tested (n ϭ 20) showed any inhibition of the antigenic site 1 and site 3 PoBI signals (data not shown). A panel of monoclonal antibodies was used to test site specificity in the site 1 and site 3 PoBI assay. None of the serotype 1-and serotype 2-specific monoclonal antibodies showed any inhibition in the site 1-and site 3-specific assays, indicating no cross-reactivity with the other serotypes (titer, Ͻ1:100). The antigenic site 1-specific monoclonal antibodies 2-13D9 (titer, Ͼ12,800; homologous), 2-15E4 (titer, 12,800), and 204 (titer, Ͼ12,800) were able to inhibit antigenic site 1 PoBI signals, whereas none of the monoclonal antibodies (4E5E9, 877, and 889) to antigenic sites 2 and 3 of serotype 3 poliovirus did (titer, Ͻ100). In the site 3-specific assay, the homologous monoclonal antibody was able to inhibit the PoBI signal at a high level (titer, 6,400), and only low-level cross-reactivity was detected with site 1-specific monoclonal antibodies 204 (titer, 200), 2-15E4 (titer, 400), and 2-13D9 (titer, 400).
Antigenic site 1-and site 3-specific immune responses in poliomyelitis patients. Twenty-five patients from the 1992-1993 serotype 3 outbreak in The Netherlands were tested with site-specific assays (19) . Antibodies to antigenic sites 1 and 3 were detected in all patients, with a median log 2 titer of 6 for both sites (Fig. 1) .
Antigenic site 1-and site 3-specific immune responses in IPV-and OPV-vaccinated subjects. There was no significant difference in the median titers to antigenic sites 1 and 3 of serotype 3 poliovirus between the IPV-and OPV-vaccinated groups, although the median titer for site 3 was 1 log step higher in OPV-vaccinated persons (Fig. 1) . However, a significantly higher proportion of OPV-vaccinated persons (88.7%) had site 3-specific antibodies than did IPV-vaccinated persons (63.1%) (P Ͻ 0.01) ( Table 1 ). No differences in the propor- tions of IPV and OPV recipients positive in the antigenic site 1-specific assay (72.3 versus 64.5%) ( Table 1) were observed. A proportion of IPV and OPV recipients (19.0 and 7.9%) had antibodies to antigenic site 1 in the absence of site 3 antibodies. Significantly, more OPV recipients (27.0%; P Ͻ 0.01) had detectable levels of antibodies to antigenic site 3 in the absence of site 1-specific antibodies than did IPV recipients (4.8%).
Antigenic site 1-and site 3-specific immune responses after IPV booster vaccination in IPV and OPV recipients. A significant increase in antigenic site 1-and 3-specific antibody titers was detected in both IPV and OPV recipients at days 7 and 28 compared to days 0 and 3 after booster vaccination with IPV (P Ͻ 0.01). However, the detected increase in titers was smaller in the IPV recipients than in the OPV recipients (P Ͻ 0.01) (Fig. 2) .
DISCUSSION
From the data presented in this paper, it is clear that in humans both antigenic sites 1 and 3 are immunogenic, as antibodies specific for these sites were detected after natural infection and in IPV-and OPV-vaccinated persons. Unlike the results from mice experiments (10, 16) , site 1 appears less immunodominant in humans, since both site 1-and site 3-specific antibodies were readily detected in similar levels in both naturally exposed and OPV-and IPV-vaccinated persons.
We used site-specific inhibition ELISAs to measure antibody levels to antigenic sites 1 and 3. The inhibition levels reached in the site 1-and site 3-specific assays with the homologous antibodies were very high (log 2 titers, Ͼ13.6 and 12.6, respectively). While the site 1 assay proved to be completely site specific, some cross-reactivity was detected in the site 3-specific assay with monoclonal antibodies to antigenic site 1, but with 16-to 32-fold-lower titers. Titers to poliovirus antigen as high as the levels found in the homologous reactions with monoclonal antibodies are not likely to be detected in the general population or in patients. In addition, a proportion of IPV and OPV recipients (4.8 and 27.0%, respectively), were only positive for site 3 antibodies in the absence of a site 1 response. Average titers for site 3 were not remarkably lower in the site 1-negative group (titer, 3.7; standard deviation, 0.7) than in the site 1-positive group (titer, 4.5; standard deviation, 1.1). For these reasons, this low-level cross-reactivity is not considered to be a problem in estimating the level of antibodies to site 3 when human serum is tested.
No significant difference in the immune response between OPV and IPV recipients with respect to antigenic site 1 of serotype 3 poliovirus was observed. However, significantly more OPV-vaccinated persons had detectable antibodies to antigenic site 3 (88.7%) than did IPV recipients (63.1%). In addition, more OPV recipients (27.0%) had site 3-specific antibodies detectable in the absence of site 1-specific antibodies than did the IPV recipients (4.8%). It is conceivable that the lower number of site 3 seropositive results in the IPV-vaccinated group than in the OPV-vaccinated group can be explained by trypsin cleavage of site 1 after passage of the OPV strains through the gut lumen (23, 25) . In field trials with regular IPV or IPV made from trypsin-treated serotype 3 Saukett strains, it was demonstrated that both vaccines induced an increase in neutralizing antibody titers to intact and trypsintreated virus, but the response was not studied at the level of individual antigenic sites (23) . Alternatively, this difference between the number of positives in the OPV-vaccinated group compared to the IPV-vaccinated group might be explained by a longer-lasting induction of site 3-specific antibodies. After IPV booster vaccination, site 3-specific antibodies were in- duced in all persons receiving the IPV booster, but a lower percentage were positive when sera from people who had first been vaccinated less recently were tested.
In addition, T-cell immunity might play a role in the observed differences between IPV and OPV recipients. Immune lymphocytes were found to proliferate to purified capsid proteins VP1, VP2, and VP3 and, in some individuals, to VP4, indicating the presence of T-cell epitopes in each of the structural proteins (1, 26) . T-cell epitopes adjacent to each of the B-cell antigenic sites in VP1 of poliovirus serotype 3 were identified (1). It is not unthinkable that trypsin cleavage of site 1 (within the B-cell epitope) also alters the response of the T cells to these sites. Further research is needed to understand the precise role of cellular immunity in antigenic site responses against polioviruses.
It is conceivable that in some of the IPV and OPV recipients, the site 3-specific antibodies are attributable to previous natural exposure to live poliovirus (wild-type or OPV strains). The high seroprevalence of IgA in the circulation of IPVvaccinated persons probably indicates mucosal contact with poliovirus (8, 9) . Poliovirus is no longer endemic in The Netherlands, but in 1992 a large outbreak of serotype 3 poliovirus occurred (19) . While widespread circulation of virus during this epidemic was not demonstrated (3, 27) , it cannot be excluded that part of the vaccinated population came into contact with the circulating wild-type strain or OPV strains that were used to control the epidemic. Similarly, the exposure of OPV to trypsin in the gut may result in reduced immunogenicity of antigenic site 1, favoring the development of site 3-specific antibodies. However, 49.0% of the IPV recipients in this study had site 3-specific antibodies in the absence of an IgA response (data not shown). These results might indicate that site 3 responses are longer lasting than the serotype 3-specific IgA in the circulation after mucosal contact. Alternatively, the site 3-specific antibodies may have been induced by IPV only.
Persons with no neutralizing antibodies to antigenic site 3 might not have an effective response to polioviruses with an altered antigenic site 1. The importance of site 3 for protection against poliomyelitis is illustrated by the Finland epidemic of 1983 (11) . The serotype 3 endemic poliovirus strain was altered in antigenic site 1 (14) . This outbreak was also influenced by low antibody titers to serotype 3 poliovirus in the vaccinated general population (14) . In addition, the significantly lower antibody titers to the altered virus reflect the possible dangers of the reintroduction of antigenic site 1 variants or their generation in persons with no site 3-specific antibodies. Recently, we described a serotype 1 Sabin virus with a six-amino-acid deletion in antigenic site 1 (17) . Neutralization of this mutant strain by an antigenic site 1 monoclonal antibody was altered. While this strain was still effectively neutralized by sera from IPV and OPV vaccinees, our present findings suggest that neutralizing activity should be investigated in persons with and without site 3-specific antibodies to estimate the risk of infection with mutant viruses. The role of site 2-specific antibodies also remains to be investigated.
In conclusion, we observed that the immune response following natural infection with serotype 3 poliovirus in humans consists of both site 1-and site 3-specific antibodies. No significant difference was observed in the immune response to antigenic site 1 between IPV and OPV recipients. Responses to antigenic site 3 of serotype 3 poliovirus were detected more frequently in persons who had been vaccinated by OPV in their childhood than in those who had received IPV. However, site 3-specific antibodies were increased after IPV booster vaccination in both groups.
